Objective To describe clinical and pathologic characteristics of diffuse Lewy body disease (DLBD) manifesting as corticobasal syndrome (CBS).
Results
DLBD patients with antemortem features of CBS were significantly younger at disease onset and less likely to have REM sleep behavior disorder than DLBD cases who met clinical criteria for DLB during life. Patients with DLBD manifesting as CBS had more Lewy bodies in the motor cortex than DLBD manifesting as clinically probable DLB. Three cases had concomitant progressive supranuclear palsy and 4 cases had concomitant Alzheimer disease as probable correlates of CBS.
Conclusion
The neuropathology underlying CBS is heterogeneous, including corticobasal degeneration, Alzheimer disease, and progressive supranuclear palsy. This study suggests that atypical variants of Lewy body disease with severe peri-Rolandic Lewy-related pathology can present clinically as CBS. Patients with DLBD who present as CBS tend to have an earlier age at onset and are less likely to have clinical features of DLB, such as dream enactment behavior during sleep, visual hallucinations, and levodopa-responsive parkinsonism. Future studies with biofluid or molecular imaging biomarkers for α-synuclein will permit better recognition of this uncommon pathologic substrate of CBS.
The other report failed to provide information about the density or distribution of neocortical Lewy-related pathology. 7 Thus, it remains unclear whether DLBD can present with a focal cortical syndrome such as CBS. We addressed this gap in knowledge by reviewing DLBD cases from a brain bank of neurodegenerative disorders at Mayo Clinic. In a subset of 523 cases in which α-synuclein immunohistochemistry was used to quantify Lewy-related pathology (cases processed after 1997), we identified 11 cases of DLBD with antemortem CBS: 4 with concomitant AD and 3 with concomitant PSP that could account for the CBS, but also 4 cases in which DLBD was the probable correlate of the syndrome. We describe demographic features and clinical features of DLBD manifesting as CBS and attempt to understand what neuropathologic features contribute to this distinct syndrome and what clinical features might be helpful in its antemortem recognition.
Methods

Case selection
Cases with a neuropathologic diagnosis of DLBD 9, 10 were from the Mayo Clinic brain bank for neurodegenerative disorders in Jacksonville, FL. From 523 autopsy-confirmed DLBD cases between January 1998 and August 2017, we identified 11 patients with antemortem clinical features consistent with probable CBS, using criteria proposed by Armstrong et al., 2 during life, in addition to some features suggesting Lewy body disease. For comparison, 22 DLBD cases with clinical features of dementia with Lewy bodies (DLB) were identified from a prospective cohort followed at Mayo Clinic. 11 DLBD with clinical syndrome of DLB had a range of concomitant Alzheimer-type pathology (ATP), 12 but none had other major pathologic processes.
Standard protocol approvals, registrations, and patient consents Mayo Clinic brain bank operates under procedures approved by the Mayo Clinic institutional review board. All brains were donated after consent from the next-of-kin or an individual with legal authority to grant such permission. The institutional review board has determined that clinicopathologic studies on deidentified postmortem tissue samples are exempt from human subject research.
Clinical assessment
Clinical information was obtained through a review of medical records (table 1) . Data regarding motor features were based on formal neurologic examination as documented by a behavioral neurologist or movement disorder specialist. Cognitive and psychiatric features were based on neuropsychological and psychiatric evaluations, and when available, confirmation of REM sleep behavior disorder (RBD) was based on overnight polysomnography. For each case, presence of clinical symptoms and signs were noted in relationship to the disease course. Age at onset was defined as the presence of the earliest diagnostic feature recorded in clinical visits. Using features from diagnostic criteria, 2,13 the focus was on the following: (1) CBS clinical features, noting any asymmetry, including limb rigidity, limb dystonia, limb myoclonus, limb apraxia, cortical sensory loss, and alien limb phenomena; (2) DLB clinical features including progressive cognitive decline, fluctuation, visual hallucinations, dream enactment behavior, and features of parkinsonism; and (3) other neurologic signs such as cervical dystonia, pyramidal signs, vertical gaze palsy, axial rigidity, dysphagia, and expressive aphasia.
Tissue sampling and pathologic assessment All cases had standardized processing and were evaluated by a single neuropathologist (D.W.D.). Right or left hemi-brains were evaluated in all cases, but most were the left side (2 of 11 DLBD manifesting as CBS [CBS-DLBD] and 4 of 22 DLBD manifesting as DLB [DLB-DLBD] were the right side). In addition to histologic evaluation, presence and severity of Alzheimer pathology were assessed with thioflavin S fluorescent microscopy. A Braak neurofibrillary tangle stage 14 and Thal amyloid phase 15 were assigned based on lesion counts in cortical and subcortical areas with thioflavin S fluorescent microscopy.
Lewy-related pathology was assessed with immunohistochemistry for α-synuclein in 5 regions of neocortex, as well as amygdala, olfactory bulb (if available), basal forebrain, and brainstem. The method used for α-synuclein Glossary AD = Alzheimer disease; ATP = Alzheimer-type pathology; CBD = corticobasal degeneration; CBS = corticobasal syndrome; DLB = dementia with Lewy bodies; DLBD = diffuse Lewy body disease; LBD = Lewy body disease; PSP = progressive supranuclear palsy; RBD = REM sleep behavior disorder. 16 After surveying the entire anatomical region at low power, the field with the highest density of Lewy bodies was counted at ×200 magnification. 17 Additional characterization included tau immunohistochemistry in motor cortex (mouse monoclonal [CP13], 1:1,000; from Peter Davies, PhD, Feinstein Institute, North Shore Hospital, NY). Immunostained slides were scanned and quantitatively assessed with ImageScope analysis software (Aperio Technologies, Vista, CA). Custom-designed color deconvolution algorithms 18 were used to detect positive pixels (figure 1, A and B) based on optical density. For each immunostain, positive pixels were converted to percentage burden of the total region of interest.
Statistical analyses
The median and interquartile ranges are reported, along with unadjusted p values from a 2-sided, 2-sample, nonparametric Mann-Whitney rank sum test for continuous variables. Chisquare and Fisher exact tests were used for categorical variables, as appropriate. Correlation of Lewy-related pathology to clinical variables was assessed with the Spearman rank order correlation method. Kruskal-Wallis rank sum tests were used for ordered categorical or continuous variables in pathologic analyses. In pairwise tests, significant p values were set at p ≤ 0.008. For comparisons of Lewy body counts between DLBD groups, Mann-Whitney rank sum tests were performed and p ≤ 0.005 using a Bonferroni correction was considered as significant.
Data availability
This clinicopathologic study is not a clinical trial; therefore, the requirements of the International Committee of Medical Journal Editors have not been applied. We follow the data availability policies of Neurology ® , and do not report any specific exception. Deidentified data are made available on request.
Results
Demographics and concomitant pathologies
The patients with CBS were from of a series of 523 DLBD cases. DLBD cases included 60% men (n = 314), with an average age at death of 78 ± 8 years of age. The average brain weight was 1,140 ± 150 g; the median Braak neurofibrillary tangle stage was IV (25th %-tile: III; 75th %-tile: V); and the median Thal amyloid phase was 4 (25th %-tile: 3; 75th %-tile: 5). Most had dementia (n = 429), and 281 had dementia with parkinsonism (DLB or Parkinson disease dementia); a smaller subset (n = 75) had primarily parkinsonism. A few (n = 19) had focal cortical syndromes, such as behavioral variant frontotemporal dementia, progressive aphasia, or CBS. Eleven cases fulfilled clinical criteria of probable CBS, 2 except for variable concurrent DLB features as described below. They had earlier symptomatic disease onset (58 years old, p = 0.005) and age at death (65 years old, p = 0.003) compared to prospectively evaluated cases of DLBD manifesting as DLB. There was no significant difference regarding disease duration (6 years, p = 0.36) or sex (55% men, p = 0.12) (table 1). As summarized in table 2, CBS-DLBD pathology could be subclassified into 3 groups depending on concomitant pathology: subgroup A (n = 4, "CBS-DLBD + ATP") had DLBD with mild to moderate ATP consistent with intermediate-likelihood AD. 10 In these cases, the pathologic process that drives the clinical syndrome is presumed to be DLBD. Subgroup B (n = 4, "CBS-DLBD + AD") had DLBD with severe AD pathology. In these cases, it is reasonable to assume that AD pathology drives the clinical syndrome, as it is increasingly recognized that AD, particularly atypical forms of AD with cortical predominant neurofibrillary degeneration (so-called "hippocampal-sparing AD" 19 ), can present as CBS. 20 One of these cases (case 6) had hippocampal-sparing AD. Subgroup C (n = 3, "CBS-DLBD + PSP") had DLBD with concomitant pathology of PSP. In this group, it is reasonable to assume that the PSP pathology is the primary factor driving the clinical syndrome, because it is increasingly recognized that atypical PSP can mimic CBS. 21, 22 Clinical characteristics of CBS-DLBD Although all 11 patients with CBS-DLBD had neuropathologic findings consistent with "intermediate" to "high" likelihood of DLB, 13 the initial symptoms were not always compatible with DLB. They were more likely to have clinical features consistent with CBS (table 1), such as asymmetric clumsiness and involuntary hand movements, pyramidal signs, and axial rigidity. Five patients (45%) were either diagnosed with or suspected to have CBS early in the disease course (shown with footnote designator c in table 2), but initial diagnoses by neurologists in the other patients included AD, Parkinson disease, DLB, and PSP. When considering the constellation of clinical features during the disease course (table 1) , all CBS-DLBD had limb rigidity and apraxia, and 10 (91%) had asymmetric apraxia and myoclonus. In contrast, cortical sensory loss, alien limb phenomenon, and aphasia were less common. Of the clinical features suggestive of DLB, RBD was significantly less frequent in CBS-DLBD (18%, p = 0.009). Another core feature of DLB, recurrent visual hallucinations not treatment-associated, was relatively low in CBS-DLBD (45%). Unlike CBS with underlying CBD pathology, 23, 24 moderate to good response to levodopa was noted in 4 DLBD with CBS, and 3 had sustained responses. When these features of Lewy body disease are strictly applied as exclusion criteria for probable CBD by Armstrong et al., 2 7 ; CBD = corticobasal degeneration; CBS-DLBD = diffuse Lewy body disease manifesting as corticobasal syndrome; CDLB likelihood = assessment of the likelihood that the pathologic findings would be associated with the clinical syndrome of dementia with Lewy bodies according to the Fourth Consensus Report of the DLB Consortium
13
; DLB = dementia with Lewy bodies; DLBD = diffuse Lewy body disease; DLBD + AD = DLBD with severe concomitant AD pathology manifesting as CBS; DLBD + ATP = DLBD with mild to moderate concomitant Alzheimer-type pathology manifesting as CBS; DLB-DLBD = DLBD manifesting as DLB; DLBD + PSP = DLBD with concomitant progressive supranuclear palsy pathology manifesting as CBS; Dx = diagnosis; HpSp = hippocampal-sparing AD; Interm. = intermediate; MCI = mild cognitive impairment; OCD = obsessive compulsive disorder; PCA = AD with posterior cortical atrophy; PD = Parkinson disease; PD-MCI = MCI due to PD; PSP = progressive supranuclear palsy. In 11 DLBD manifesting as CBS (CBS-DLBD) cases, there were 2 types of clinical course: cases presenting with early signs and symptoms of CBS (cases 2, 3, 7, 8, and 10) and cases converting to CBS during the disease course (cases 1, 4, 5, 6, 9, and 11). None of the 22 DLBD manifesting as DLB cases had features of CBS. In CBS-DLBD, when features of Lewy body parkinsonism (e.g., resting tremor, excellent and sustained response to L-dopa or hallucinations) are strictly applied as exclusion criteria for probable CBD, 2 then 7 of 11 (64%) CBS-DLBD cases failed to meet research CBD criteria (i.e., "CBS b" ). a ATP refers to cases with plaques and tangles consistent with low-likelihood AD. of 11 CBS-DLBD cases (64%) did not fit this diagnosis (i.e., "CBS b " in table 2). Vertical gaze palsy, a characteristic sign of PSP, was noted in 3 DLBD manifesting as CBS, only one of whom had concomitant PSP pathology. Global cognitive deterioration, including memory impairment, was observed in all patients. Behavioral and neuropsychiatric problems were variable and did not differ between the DLBD groups.
Neuropathologic findings
Neuropathologic characteristics are summarized in table 3. The brain weight in CBS-DLBD tended to be less than that in DLB-DLBD (p = 0.052). Disproportionate atrophy in convexity frontal and parietal cortices, including atrophy in premotor and motor cortices, was noted in CBS-DLBD (figure 2, C and D). The corpus callosum at the level of the anterior cingulate gyrus was significantly thinner in CBS-DLBD (p = 0.026, figure 1B) than that in DLB-DLBD. This observation was confirmed in one patient on antemortem MRI (table 1 and figure 2B) . Using pathologic criteria from the fourth report of the Dementia with Lewy Bodies Consortium, 13 DLBD + AD) (median 3.0%) and subgroup C (CBS-DLBD + PSP) (median 2.6%) had greater cortical tau burden than subgroup A (median 0.27%). Cortical tau burden in subgroup A was similar to DLB-DLBD (median 0.02%, p = 0.20 in pairwise test). CBS-DLBD had more cortical Lewy bodies in superior temporal (p = 0.007) and middle frontal (p = 0.017) cortices than DLB-DLBD (table 3) . The density of Lewyrelated pathology in the motor cortex relative to the density in the limbic lobe (e.g., parahippocampal gyrus) was disproportionally higher in CBS-DLBD than in DLB-DLBD ( figure 3D ). However, the relative density of Lewy-related pathology in other neocortices was similar between the 2 groups (figure 3, E and F).
Discussion
The neuropathologic underpinnings of CBS are heterogeneous; the most common findings include CBD, PSP, and AD. 3, 6, 22 In this report, we highlight the fact that, while rare, DLBD can also be found in patients with CBS, and in cases with only mild to moderate concomitant Alzheimer or tau pathology, atypical cortical Lewy-related pathology may be the best neuropathologic correlate for the syndrome. The 4 cases with CBS were from a series of 523 cases of DLBD, suggesting a frequency of approximately 0.8%. Given the referral bias of our brain bank, which is the brain bank for CurePSP, 25 this is certainly an overestimate.
Of the 11 cases of CBS-DLBD, 7 had other pathologic processes (AD or PSP) that might well be the primary correlate of the clinical syndrome, but 4 cases had DLBD with only mild to moderate ATP and no other pathologic explanation for CBS. These cases had 14-fold more Lewy bodies and 6-fold greater α-synuclein burden in the motor cortex than DLB-DLBD cases. It is rare to find neuropathologic evidence that atypical distribution of Lewy-related pathology, with severe pathology in motor cortex, can present with CBS. A previous case report of CBS-DLBD by Horoupian and Wasserstein 8 emphasized the importance of pathology in the peri-Rolandic cortices in CBS, with focus on the motor cortex, but their patient had severe ATP in the motor cortex, not severe Lewyrelated pathology as in our cases.
Recognizing the nature of underlying pathologic processes in patients with CBS is challenging and especially so for those with DLBD, since there are no biofluid or neuroimaging biomarkers for α-synuclein pathology. Of the clinical manifestations noted in our cases, those consistent with CBS lack specificity and are comparable to those observed in CBS due to other pathologic processes. 6, 26 Possible clues to underlying Lewy-related pathology in CBS are features often found in DLB, such as dream enactment behavior consistent with RBD, visual hallucinations, fluctuations in consciousness, systematized delusions, and anosmia (table 1) . While it is difficult to generalize from such small numbers, the relatively low frequency of RBD in CBS-DLBD might be attributable to the number of women (5 of 11) in our cohort, given that RBD is less frequent in women. 27 The relatively good responsiveness to levodopa, as well as hypersensitivity to dopaminergic agonists, also might be clues to Lewy-related pathology, which contrasts with low frequency of RBD and poor levodopa responsiveness in a clinicopathologic study of CBD. 23, 24 It is worth noting that both pyramidal signs and axial rigidity were common in CBS-DLBD cases. Across subtypes of CBS-DLBD, all 3 DLBD + PSP cases had both of these signs. However, these signs were only seen in 50% to 75% of DLBD + AD and DLBD + ATP cases, suggesting the potentially strong contribution of concomitant PSP pathology for these signs in DLBD.
It remains to be determined whether neuroimaging can be helpful in differentiating various possible pathologic processes that might give rise to the CBS. Molecular imaging holds significant promise for refining antemortem clinical diagnoses. Amyloid imaging combined with MRI has been used to differentiate CBS due to AD pathology from CBS due to CBD. 28 It is uncertain whether this approach would help differentiate CBS due to DLBD from CBD since almost all patients with DLBD have cortical amyloid, including many with levels comparable to those observed in AD. 29 Tau imaging may be a useful tool to detect CBS due to tauopathy including AD and 4R tauopathies. [30] [31] [32] At present, there are no molecular ligands for molecular imaging of cortical α-synuclein pathology, but this may improve antemortem diagnosis as part of a multimodality diagnostic approach.
Neurobiological basis of CBS is not fully understood; however, involvement of both frontal and parietal multimodal association cortices is consistently noted. Pathology in the supplementary motor area is considered important for limb apraxia, 33 while pathology in peri-Rolandic somatosensory cortices contributes to cortical sensory loss and peri-Rolandic motor cortices to pyramidal signs. 34 Our finding of high burden of Lewy-related pathology in the motor cortex is in line with the neuroanatomy of CBS.
The motor and sensory cortices are relatively spared in AD and Parkinson disease, 35 and in the present study, there was minimal Lewy-related pathology in the motor cortex in DLB-DLBD (table 3) . Consequently, routine neuropathologic assessment of motor cortex is not usually required in neuropathologic evaluations of these disorders or for DLBD. 13 In the present study, 45% of CBS-DLBD cases were classified as "high-likelihood" DLB, although their antemortem presentations were more characteristic of CBS; therefore, our findings indicate the importance of evaluating peri-Rolandic cortices in cases of DLBD with atypical clinical presentations. Pathology in limbic and neocortical areas were similar in CBS-DLBD to those in DLB-DLBD, which suggests that the atypical clinical presentation is not merely due to more severe, but rather an atypical distribution of Lewy-related pathology. An analogous situation has been observed in AD manifesting as focal cortical syndromes 19 and suggests that patterns of lesion distribution may define distinct clinicopathologic variants.
A limitation of the present study is that the CBS cases were derived from a retrospective clinicopathologic series of brain bank cases. As such, available clinical information is variable and not systematically collected. Nevertheless, sufficient clinical information was available from neurologists and movement disorder specialists to confidently confirm CBS. In contrast, the comparison group (DLBD manifesting as DLB) was derived from a prospective cohort of DLB cases. Atypical DLBD cases manifesting as CBS would be excluded from this longitudinal cohort. While it is unlikely to be frequent, DLBD manifesting as CBS may go undetected without autopsy. As the brain bank for CurePSP, 25 we have the opportunity of evaluating a large number of patients with antemortem CBS, and less than half have had CBD pathology at autopsy, similar to findings of the Queen Square brain bank. 6 A large population-based autopsy study is needed to resolve these issues.
In the current study, we highlight a rare clinical presentation of DLBD and provide evidence that CBS may be linked to atypical distribution of cortical Lewy-related pathology. Our findings suggest that in addition to Alzheimer and frontotemporal degenerative pathologies, Lewy-related pathology may contribute to neuropathologic heterogeneity of CBS.
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